Vanadium oxide, manganese oxide, tungsten oxide, and nickel oxide nanowires were investigated for their applicability as chemiresistive gas sensors. Nanowires have excellent surface-to-volume ratios which yield higher sensitivities than bulk materials. Sensing elements consisting of these materials were assembled in an array to create an electronic nose platform. Dielectrophoresis was used to position the nanomaterials onto a microfabricated array of electrodes, which was subsequently mounted onto a leadless chip carrier and printed circuit board for rapid testing. Samples were tested in an enclosed chamber with vapors of acetone, isopropanol, methanol, and aqueous ammonia. The change in resistance of each assembly was measured. Responses varied between nanowire compositions, each demonstrating unique and repeatable responses to different gases; this enabled direct detection of the gases from the ensemble response. Sensitivities were calculated based on the fractional resistance change in a saturated environment and ranged from 6 × 10 −4 to 2 × 10 .
Introduction
Gas sensors have widespread applications including but not limited to: detecting toxic hazards in workplaces, environmental pollutants, nerve agents for the military, food safety, and perfume and cosmetics quality assurance [1] [2] [3] . Current sensors are limited in their ability to detect numerous gas species and in their expense. Electronic noses, which use many sensing elements, have the capability to detect many gas species at a low cost, especially when using low cost materials. It is the goal of this work to investigate several low cost materials for gas sensing in electronic nose applications.
Metal-oxides have recently garnered interest for gas sensing applications [4] [5] [6] , providing a multitude of material combinations at potentially high sensitivities and low cost. Nanowires (NWs) present a number of advantages such as a high surface area to volume ratio, Debye lengths comparable to target molecules, low power consumption in devices, easy incorporation into micro-scale sensors, a clear pathway for electron transfer, and tunable surface reactivity [7] [8] [9] . Metal oxide nanostructured sensors have used three methods for sensing: conductometric, field effect transistor (FET), and impedometric [10] .
While metal oxide nanowires are semiconducting and can be used as field effect devices, this work specifically utilizes their conductometric responses, also referred to as a chemiresistive response. These sensors operate through measuring the change in the resistance of the material as gas species are chemisorbed. Chemisorption is a form of adsorption involving a non-covalent chemical interaction between the absorber surface and the adsorbate, which in this case is the gas molecules. Since these reactions occur on the surface, the fractional change in resistance, or sensitivity of the sensor, will be much greater for nanowires compared to their bulk counterparts due to their high surface area to volume ratio [11] .
The nanomaterials presented in this work are assembled through dielectrophoresis (DEP) [12] [13] [14] . This fabrication method uses the force exerted on a dielectric particle when subjected to a non-uniform electric field to manipulate the materials. This process only requires electrodes and relatively low voltages enabling its use with a wide range of different materials and substrates. The force exerted on the nanowires is a function of the applied field's strength and frequency, and is described by the following equations. where ω is the frequency, E is the electric field, ε is the permittivity, and L is a geometry dependent polarizability factor. Thus when a suspension of nanowires in solution is placed over an assembly site, the nanowires are able to be positioned between two electrodes with a significant degree of control as seen in figure 1 .
We present gas sensors based on metal-oxide nanowires. These nanowires were manufactured by Novarials Corporation using a hydrothermal synthesis method and the specific materials used were vanadium oxide (VOx), manganese oxide (MnOx), tungsten oxide (WOx), and nickel oxide (NiOx). Hydrothermal synthesis is a method to crystallize materials from high-temperature aqueous solutions at high vapor pressures as depicted in figure 2 . A temperature gradient within a pressure vessel causes the desired materials to dissolve at the hot end and crystals to form at the cool end [15] .
Hydrothermal growth of these materials has been performed before [16] [17] [18] [19] , and these materials have been used in sensors before [10, [20] [21] [22] ; however, this work investigates nanowires of these materials using the aforementioned techniques for fabrication and assembly to employ them as gas sensors.
Device fabrication and experimental setup
The construction of gas sensors in this work involves many steps. It requires the fabrication of the nanowires, preparation of substrate for assembly, and DEP assembly of sensing elements. Packaging is then performed onto a leadless chip carrier (LCC) and printed circuit board (PCB). This is then integrated with a Labview controlled test platform to perform measurements.
The aforementioned materials were dispersed in deionized water by either shaking or sonication to prepare for assembly of the sensing elements.
The fabrication and experimental procedures were based on our previous work on electronic nose platforms [14, 23] . These processes consisted of conventional photolithography and metallization of conductive electrodes, typically gold, onto patterned glass wafers or thermally oxidized silicon wafers. The electrode arrays were then diced to create individual sensor platforms. The sensing elements were assembled by depositing droplets of dispersed nanowires over the desired electrodes using a syringe. A function generator was then used to supply the electric field for DEP asembly. The remaining dispersion was then removed using compressed dry air. The scanning electron microscope images of the assemblies are shown in figure 3 .
After sensor assembly at numerous electrode sites, the array was packaged onto a chip carrier. The sensor electrodes are wirebonded to the LCC, which was then soldered to a printed circuit board. An image of this completed PCB with chip assembly can be seen in figure 4 .
The sensors were tested by exposing them to various gas species: ethanol, acetone, methanol, and ammonia. These were chosen as they represent a wide range of materials, and are readily available in many research laboratories. To administer the gas, a cotton swab was doused in a liquid of the analyte and placed next to the sensor at room temperature. Both the sensor and swab were covered with a 10 ml plastic beaker to create a saturated environment around the sensor. After several minutes the beaker and swab were removed. The sensor was left in air for several minutes before this process was repeated with another analyte.
Device characterization and results
Assemblies of each nanowire were successfully created. Observed nanowire resistances varied from roughly 100 kΩ to 400 kΩ. There are many factors which contribute to this wide resistance variation including substrate material and the number of nanowires forming the sensor. The sensor structure for the different nanowire materials varied widely as can be seen in figure 3 . For example, WO x exhibited a large number of aligned nanowires, while NiO x assemblies tended to conglomerate. The VO x and MnO x nanowires bridged the electrodes; however, they did not display as high a density of NWs. These variations in assembly quality between different materials are due to the fact that the same voltage was applied to each assembly. Optimization of the applied voltage for each different material would yield improved assembly quality.
The sensing ability of each nanowire type was tested through exposure to different gasses. As the sensors were exposed to multiple gases, the resistance across the electrodes was measured. These resistances were measured individually using a Keithley Model 2750 Multimeter/Switch. The instrument was programmed to sweep through the entire sensor array approximately once a minute. All measurements were taken at room temperature and ambient humidity. The entire sensor platform was introduced successively to nearly saturated environments of the aforementioned volatile compounds. NiO x , WO x , and MnO x were measured from one fabrication run, while the VO x was measured from a second. Each sample was normalized to initial resistance and the fractional change in resistance was measured as a function of time. A 5 point running average was applied to the data to reduce noise. Data from nickel-oxide sensors is displayed in figure 5 . NiO x shows a fractional change in resistance of approximately 4-8% for ethanol, 10% for acetone, 5% for methanol, and 10% for ammonia.
Results from tungsten-oxide sensors can be seen in figure 6 . WOx shows a strong response to ethanol with a 25-35% change in resistance, while there was approximately a 10% change for acetone, 5-10% for methanol, and 10% for ammonia.
The manganese-oxide sensor data is shown in figure 7 . MnO x shows a 5% change in resistance for ethanol and almost as much for methanol. It shows a 10% change for acetone and 15-25% change for ammonia. The VO x nanowires display a particularly good sensitivity to ammonia, as seen in figure 8 , with a change in resistance of approximately 30%. However, the responses to ethanol and methanol are almost negligible at 5% or less.
The results from each sensor and gas combination have been collected into table 1. From this we can see a wide range of responses and trends including that ammonia was the most reactive gas across multiple materials, followed by ethanol. WO x exhibited the most sensitivity as it displayed the greatest changes in resistance once exposed to the different gasses.
An estimate of the sensitivity of these devices can be determined by using the vapor pressure of the analytes and the assumption that the environment inside the beaker was saturated. Saturated vapor pressures were calculated using the Antoine equation [24] for ethanol, acetone, and methanol. The saturated partial pressure for 20% ammonia in solution was found from Perman [25] . Comparing the relative percentage increase to the saturated vapor pressure yields an approximate sensitivity for these sensors. This is detailed in table 2.
The different sensitivities of the nanowires to various gas species can be explained by the mechanism of the sensing action [26] . There are several factors which influence the responsitivity of the nanowire assemblies to different gases. As these measurements were carried out in saturated vapor environments, the vapor pressure of an analyte is the greatest factor in the response of the device. Analytes with high vapor pressures (such as ammonia) yield the greatest responses as there are more molecules present to interact with the nanowires. Figure 8 . VO x sensor response to ethanol, ammonia, and methanol. Down arrows indicate introduction of the gas, up arrows indicate purging the gas. A second factor is interaction cross-section between the nanowires and the specific vapor specie. For chemiresistors, the mechanism of resistivity change is most commonly attributed to two factors: charge carrier addition/subtraction or work function modification. For either of the processes to occur, the gas molecules must interact with the surface of the nanowire, which is a function of the affinity between the gas molecule and the nanowire material. Finally, each of these processes depend on specific properties of the gas molecule and nanowire material (such as the charge carrier density of the nanowire, the grain structure of the nanowire, and the electron affinity of both materials). These differing responses to different analytes are advantageous in that it allows the potential identification of gas species by their characteristic interactions with the chemiresistor array.
Conclusion
This paper presents preliminary gas sensing data for five different metal-oxide nanowires manufactured by hydrothermal synthesis: VO x , MnO x , WO x , and NiO x . Sensors were assembled via dielectrophoresis onto prefabricated electrode arrays and then packaged for easy testing. The elements were tested with several gas species and show varying levels of sensitivity. The sensors show consistent changes to the gases even across different chips.
Fractional resistance changes were in the range of 5-40%. The sensors typically did not return to their original value after exposure to gasses. They often rose or dropped past the original value before introduction to the next gas specie. This could have affected the results as the first gas always started at a constant baseline, while future gasses tested had a baseline affected by the first gas. In several cases, the sensor response fluctuated from positive to negative for the same vapor, this was due to quickly adding more liquid to the cotton to ensure a saturated environment. This created a brief change in gas concentration resulting in the fluctuation in response. Smaller oscillations were most likely due to positioning the liquid and beaker on the apparatus. Other work presents a clearer on-off cycling [27] than shown here. This is believed to be due to the imprecise gas delivery mechanism employed here, whereas other work uses mass-flow controlled sensing chambers and flowing clean, dry air across the sensors [27] . An improved version of our test setup up shall incorporate a closed-box solution as well as these aforementioned methods to improve the on-off cycling.
Although the sensing results of this study were repeatable, it is worth mentioning that there was some variability in the sensor resistances between sensors of the same type, and is attributed to the differing amount of nanowire material on different electrodes. This variability is due to the unoptimized DEP parameters, however, it should also be noted that the structure and dimensions of the nanowires varied significantly between different materials, as can be seen in figure 3 . This work focused on utilizing all of these materials into a single gas-sensing array, however, one could perform a more in depth study and comparison of the relative structure and Machine learning algorithms need to be applied to the data acquisition presented here to truly differentiate between different gas species and create an electronic nose. However, with just these materials and results we are capable of differentiating between at least ethanol and ammonia due to the large responses to them by MnO x , and VO x . It is possible to distinguish between acetone and methanol as well, however, since the sensor responses are smaller they have a larger margin for error.
Further work would be to perform additional testing to determine more accurate time responses for these materials. Utilizing a mass flow controlled airtight chamber would allow for more accurate gas concentration and sensor sensitivity data. We will optimize DEP parameters such as applied voltage and NW density in solution for different nanowire materials; optimizing these parameters for each material will result in improved assembly quality. Creating doped variants will potentially improve the sensing ability of the materials and also increase the diversity of different elements. Increasing the number of distinct gas sensing elements in an electronic nose platform increases the number of detectable gasses and improves the detection accuracy.
